Dopaminergic dysregulation can cause motor dysfunction, but the mechanisms underlying dopaminerelated motor disorders remain under debate. We used an inducible and reversible pharmacogenetic approach in dopamine transporter knockout mice to investigate the simultaneous activity of neuronal ensembles in the dorsolateral striatum and primary motor cortex during hyperdopaminergia (w500% of controls) with hyperkinesia, and after rapid and profound dopamine depletion (<0.2%) with akinesia in the same animal. Surprisingly, although most cortical and striatal neurons (w70%) changed firing rate during the transition between dopamine-related hyperkinesia and akinesia, the overall cortical firing rate remained unchanged. Conversely, neuronal oscillations and ensemble activity coordination within and between cortex and striatum did change rapidly between these periods. During hyperkinesia, corticostriatal activity became largely asynchronous, while during dopamine-depletion the synchronicity increased. Thus, dopamine-related disorders like Parkinson's disease may not stem from changes in the overall levels of cortical activity, but from dysfunctional activity coordination in corticostriatal circuits.
Introduction
Corticostriatal circuits control several behaviors important for organism adaptation and survival, such as motor, limbic, executive, and cognitive functions (Nieoullon, 2002) . Dopamine (DA) can act as a key regulator of corticostriatal circuit function contributing to behavioral adaptation and to the anticipatory processes necessary for voluntary action. In Parkinson's disease (PD), loss of the DA-containing neurons of the substantia nigra pars compacta eventually leads to motor dysfunction and akinesia (Carlsson, 1972) ; while in schizophrenia, DA antagonists have been shown to alleviate the positive symptoms associated with this disorder (Deutch et al., 1991; Gray, 1998) . DA is believed to modulate positively the direct striatal pathway that contains predominantly D1-type receptors and disinhibits cortical neurons and to modulate negatively the indirect pathway that predominantly contains D2-type receptors and increases cortical inhibition (Albin et al., 1989; Filion and Tremblay, 1991; Gerfen, 1992; Parr-Brownlie and Hyland, 2005) . According to this classical view (Albin et al., 1989) , lack of DA release in striatum should lead to inhibition of cortical activity and a consequent inability to produce movement, while an excess of dopaminergic function should lead to increased cortical activity and behavioral hyperactivity (Gerfen, 1992) . However, some studies have shown that dopaminergic lesions can lead to changes in the correlated activity of cortical neurons, without necessarily diminishing the average cortical firing rate (Goldberg et al., 2002) . These different views have been difficult to investigate, in part because of the difficulties in achieving rapid, profound, and reversible changes in DA levels in the same animal while monitoring movement and neuronal activity. The slow time course of DA depletion in patients with DA-related movement disorders and in most animal models can lead to slow changes in the biochemical and synaptic machinery of the corticostriatal circuitry, making it difficult to discriminate between the direct effects of dopaminergic dysfunction in corticostriatal activity and the indirect effects caused by chronic and sustained DA dysregulation. For example, the development of dopaminergic neurotoxic lesions is accompanied by changes in the expression of glutamatergic receptors (Kaneda et al., 2005) , and repeated DA depletion can be accompanied by the loss of glutamatergic synapses in striatopallidal neurons (Day et al., 2006) . Here, we used a rapidly inducible (<20 min) and reversible pharmacogenetic approach in DA transporter knockout mice to investigate for the first time (to our knowledge) the simultaneous changes in cortical and striatal activity during different DA-related movement states in the same animal. We found that contrarily to a commonly adopted view the overall levels of cortical activity did not change during transition from a state of extreme hyperdopaminergia to a state of profound DA depletion with akinesia. Instead, we observed dramatic and rapid changes in corticostriatal neuronal ensemble coordination during hyperdopaminergia-related hyperkinesia and after acute DA depletion. These alterations were DA dependent and were reversed by the administration of L-Dopa.
Results
Inducible Pharmacogenetic Approach to Achieve Hyperdopaminergia with Hyperkinesia and Acute DA Depletion with Akinesia in the Same Animal The dopamine transporter (DAT) is a major determinant of DA homeostasis (Gainetdinov and Caron, 2003; Jones et al., 1998) . In agreement with previous studies (Gainetdinov and Caron, 2003; Jones et al., 1998) , we observed that lack of DA reuptake in DAT knockout (DAT-KO) mice results in a pronounced increase in striatal extracellular DA at baseline levels, as measured by microdialysis in behaving mice in their home cage (dialysate levels of DA in DAT-KO = 11.4 6 3.4 nM; wt = 2.8 6 0.4 nM; F 1,9 = 5.51, p < 0.05, Figure 1B ). As a consequence of persistently elevated extracellular DA (estimated by quantitative microdialysis as 5-fold in the striatum; Gainetdinov and Caron, 2003; Jones et al., 1998) , these animals display pronounced locomotor hyperactivity when placed in a novel environment ( Figure 1A , F 1,10 = 8.95, p < 0.05), but not in their home cages ( Figure 1A , F 1,10 = 0.99, p > 0.05) (Gainetdinov et al., 1999; Giros et al., 1996) . As it has been previously shown, this striking novelty-driven hyperkinesia in DAT-KO mice is dependent on a high dopaminergic tonus in these mutant mice, but does not seem to stem from a further significant increase in extracellular DA when the animals are placed in the novel environment, at least when measured by in vivo microdialysis ( Figure 1B , t 5 = 0.27, p > 0.05, see Experimental Procedures). These data indicate that, in addition to hyperdopaminergia, the hyperkinesia in DAT-KO mice requires a triggering event (e.g., novelty), which most likely involves nondopaminergic mechanisms (Gainetdinov et al., 1999) . It should be emphasized, however, that this novelty-driven hyperkinesia in DAT-KO mice requires high dopaminergic transmission because it is not apparent in wt mice and it is blocked by dopamine receptor antagonists (Gainetdinov et al., 1999) .
In these mice, the lack of DAT-mediated DA recycling into presynaptic terminals also results in a profound (20-fold) depletion of intraneuronal DA stores (Gainetdinov and Caron, 2003) . Furthermore, the remaining DA in these mutants depends exclusively on new DA synthesis, so administration of the tyrosine hydroxylase inhibitor a-methyl-p-tyrosine (AMPT, Sigma, 250 mg/kg) results in a rapid and essentially complete DA depletion (<0.2% of wt striatal DA tissue levels) (Sotnikova et al., 2005) and in a striking akinesia (Gainetdinov et al., 1999; Sotnikova et al., 2005) in DAT-KO mice, without significantly affecting wt mice (DA levels: F 1,9 = 20.03, p < 0.05, Figure 1B ; locomotion: F 1,10 = 8.29, p < 0.05, Figure 1A ). Importantly, the levels of other monoamines like norepinephrine are equivalent in DAT-KO and wt mice and are equally affected in both groups by the administration of AMPT (w60%) (Sotnikova et al., 2005) , indicating that this pharmacogenetic approach is quite specific for DA depletion. Therefore, these dopamine-depleted DAT-KO mice (DDD mice) provide a simple model of rapid and acute severe dopamine deficiency (Sotnikova et al., 2005) . In addition, the DA depletion-dependent akinesia in these mice can be reversed by intraperitoneal administration of L-Dopa/ carbidopa (LD/CD, 50/50 mg/kg, F 3,20 = 9.86, Fisher's PLSD AMPT versus LD/CD, p < 0.05, Figure 1A ). LD/ CD dramatically increases the levels of extracellular DA in DAT-KO mice that lack the DA reuptake mechanism, with little effect in wt mice ( Figure 1B , F 1,10 = 51.8, p < 0.05) (Lloyd et al., 1975; Sotnikova et al., 2005) . The effect of LD/CD on movement restoration is blocked by dopamine receptor antagonists, but not by serotonin or norepinephrine receptor antagonists, demonstrating that LD/CD restores movement via dopamine receptor activation (see Figure S1 in the Supplemental Data available online). (A) Locomotor activity of DAT-KO and wt mice during the course of the experiment: in their home cage (Home), after introduction to a novel environment (Novel), after AMPT administration, and after movement recovery via LD/CD administration. (B) Levels of extracellular dopamine in DAT-KO and wt mice throughout the different phases of the experiment as in (A.) The levels of DA in DAT-KO and wt mice are normalized to the initial basal values taken just before the experiment started. (C) Example of an isolated single unit in primary motor cortex recorded 1 month after surgery. From left to right: depiction of the extracellularly recorded waveform of the unit (yellow) and the noise waveforms (gray) (x axis, 800 ms; y axis, 120 mV); interspikeinterval histogram, and projection of the clusters correspondent to the unit and the noise based on analysis of the first two principal components of the waveforms recorded (x axis, PC1; y axis, PC2). (D) Raw traces of EMG activity in the trapezius muscles in DAT-KO mice. After introduction in the novel cage, the average EMG activity increased, but it decayed dramatically during the subsequent DA depletion and was partially recovered after the administration of LD/CD.
Simultaneous Cortical and Striatal Neuronal
Recordings during Different DA-Related Movement States in the Same Animal We investigated the electrophysiology of corticostriatal ensembles during DA-related hyperkinesia and akinesia in the same animal, by recording continuously the activity of multiple single neurons ( Figure 1C ) and local field potentials (LFPs) in the dorsolateral striatum (DLS) and layer V of primary motor cortex (MI) (Costa et al., 2004) of freely behaving DAT-KO mice during four different DA-related states: (1) when animals were undisturbed in their home cage (10 min), then (2) during hyperactivity induced by placement in a novel environment (20 min), subsequently (3) during AMPTinduced DA depletion and akinesia (30 min), and (4) during restoration of the locomotor activity by administration of LD/CD (at least 30 min). We recorded a total of 342 units in 13 mice (DAT-KO and wt injected with either AMPT or saline), 159 in striatum (w13 per animal/session) and 183 in cortex (w15 per animal/ session). Simultaneously, we also recorded the electromyographic (EMG) activity in the trapezius muscles ( Figure 1D ).
Activity of Striatal and Cortical Neurons during Different DA-Related Movement States
We started by examining whether the activity of individual neurons in DLS and MI would change across the different DA-dependent states. The majority of DLS (69%) and MI neurons (70%) changed their firing rate significantly (a = 0.01) from the hyperkinetic to the akinetic period in DAT-KO mice injected with AMPT (Figures 2A and  2B ). In contrast, the number of neurons that changed firing rate between these two periods in control groups was rather small (DAT-KO injected with saline: 9% DLS, 19% MI; wt mice with saline: 16% DLS, 19% MI; wt with AMPT: 20% DLS, 9% MI, Figures 2A and 2B ) and significantly lower than in DAT-KO mice injected with AMPT (F 3,9 = 7.876, p < 0.05, Fisher's PLSD, p < 0.05). In DAT KO mice injected with AMPT, most neurons changed their firing rate in one of two ways: some neurons increased their firing rate during DA-related hyperkinesia and reduced it after DA depletion/akinesia (hereafter referred to as type I, Figure 2C ), while others showed the opposite response (type II, Figure 2D ). In DLS, 77% of the striatal neurons decreased their firing rates from the hyperkinetic to the akinetic period (type I), and only 23% showed the opposite response (type II) (F 1,10 = 17.4, p < 0.05, Figure 2E) . Surprisingly, in the MI of the same animals, the number of neurons that decreased their firing rate from the hyperkinetic to the akinetic period (59%) was similar to the number of neurons that increased their activity between these two periods (41%) (F 1,10 = 1.88, p > 0.05, Figure 2F ). Importantly, after the administration of LD/CD, the majority but not all of the neurons reverted to their firing frequency prior to DA depletion ( Figures 2G and 2H and Figure S2 ). Interestingly, we uncovered a small population of DLS and MI neurons that fired almost exclusively in the absence of DA (<4%) ( Figures 2I and 2J and Figure S2 ). Overall, these results show that, even though the majority of striatal neurons decreased firing rate from hyperkinesia to DA depletion/akinesia, in motor cortex the number of neurons that decreased versus increased firing rate between these two periods was equivalent. 
Changes in Striatal but Not Cortical Population Firing
Rate between Severe Hyperdopaminergia with Hyperkinesia and Acute DA Depletion with Akinesia We also tested whether the average neuronal population firing frequency in MI and DLS would change between the hyperkinetic and akinetic periods. Again, we observed that the firing frequency of the MI neuronal population did not change from the hyperkinetic to the akinetic period ( Figure 3A ), even in animals in which we observed a significant reduction in the DLS population firing frequency between these two periods (Figure 3B ). Although we observed profound and prolonged akinesia in all the DAT-KO mice injected with AMPT, only one mouse (17%) showed a decrease in the average MI neuronal activity after AMPT, while the average DLS activity decreased in 50% of the animals ( Figure 3C , c 2 1 = 10.1, p < 0.05). These data suggest that both at the single neuron and at the population level, the DAdependent akinesia and hyperkinesia were not caused by changes in the overall firing frequency in the motor cortex.
Changes in Cortical and Striatal LFP Oscillations during DA-Related Hyperkinesia and Akinesia
Since we could not detect significant differences in the levels of cortical firing frequency between hyperkinesia and akinesia, we investigated whether the coordinated activity of cortical and striatal neuronal ensembles would change between the different DA-dependent states.
We first investigated whether LFP oscillations, which reflect the dynamics of synchronous synaptic potentials and are also correlated with the degree of coherent activity in a population of neurons (Lopes da Silva, 1991), would change between the different DA-dependent states. We observed that in DAT-KO but not in wt mice, the relative power of DLS and MI LFP oscillations at the theta (4.5-9 Hz) and gamma range frequencies (30-55 Hz) was very prominent during hyperdopaminergia with hyperkinesia ( Figures 4A-4C and Figure S3 ). The oscillations at these gamma and theta frequencies diminished considerably after the induction of DA depletion and akinesia in DAT-KO mice. Concomitantly, during the period of DA depletion we observed an increase in delta (1.5-4 Hz) and beta (11-30 Hz) oscillations in DAT-KO mice treated with AMPT, but not in control mice (Figures 4-4C and Figure S3 ). Since we observed simultaneous changes at several LFP frequencies during the transition between the different DA-dependent states and the pattern of changes in the relative predominance of the different oscillatory frequencies was consistently changed (even more so than changes at any particular frequency), we reasoned that it would be important to understand the relation between the different LFP oscillations across these different sates. We therefore calculated a power spectrum index that reflects the power of theta and gamma oscillations relative to beta and delta (see Experimental Procedures) (Figures 4B and 4C) . As anticipated, this power spectrum index increased during hyperkinesia and decreased during DA depletion in both striatum (F 3,17 = 3.15, FPLSD, p < 0.05) and MI (F 3,17 = 2.73, FPLSD, p < 0.05) of DAT-KO but not wt mice (F 3,12 = 0.29, p > 0.05). Once again, the administration of LD/CD, which restored movement ( Figures 1A and 1D ), reversed the changes observed during DA depletion/akinesia ( Figures 4A-4C , FPLSD, p < 0.05, AMPT versus LD/CD; p > 0.05, novel versus LD/CD). Furthermore, we observed that the relative LFP power of the different LFP frequencies was not only correlated with the DA-related states but was also significantly correlated with changes in movement at a finer temporal scale (seconds, measured by EMG) during the transition between different DA-related states ( Figure 5 , see Experimental Procedures, p < 0.05). Therefore, the changes in LFP oscillations were correlated with both DA levels and the animal's movement. Nonetheless, the fact that the administration of LD/CD dramatically increased the LFP power spectrum index beyond the ''Home'' and ''Novel'' condition levels, suggest that the LFP oscillations displayed a correlation with the DA levels that is dissociable and cannot be solely attributed to changes in movement, because the LD/CD treatment led to dramatic increase in the levels of extracellular DA (2500% of wt) ( Figure 1B ) that was not accompanied by a similar increase in movement ( Figures 1A and 1D) . Also, it is unlikely that the changes observed were just a reflection of the locomotor status of the animal because they were not observed to the same degree in wt animals when they displayed increased locomotion or immobility ( Figures 1A and 4) . Taken together, these results indicate that DA levels critically modulate corticostriatal LFP oscillations; during DA depletion, delta and beta oscillations became very pronounced in corticostriatal circuits, while during DArelated hyperkinesia, theta and gamma oscillations are more predominant.
Alterations in Corticostriatal Ensemble
Coordination during Acute DA-Related Motor Dysfunction Next, we investigated whether the temporal relation between LFP oscillations and the firing of individual neurons would change across the different DA-dependent states, by calculating the spike-triggered average (STA) of the LFP oscillations in relation to the spikes of striatal and cortical neurons (Fries et al., 2001; Goldberg et al., 2004; Kuhn et al., 2005) (Figures 6A-6C ). We observed that at baseline (Home) few MI and DLS neurons fired preferentially during a particular phase of the LFP oscillations (w30%), i.e., the majority of the neurons had a relatively ''flat'' oscillation of the STA (lines in Figures 6A and 6B) .
Unexpectedly, during DA-related hyperkinesia we observed that even fewer neurons fired entrained to the LFP oscillations (18%, an w40% decrease compared to the Home condition), indicating that the levels of synchronous activity in corticostriatal circuits decreased (Figures 6A and 6B; F 3, 17 = 4.92, FPLSD Home versus Novel, p < 0.05; see Figure S4 ). Conversely, during DA . In DAT-KO but not in wt mice, there was a substantial increase in the relative power of the LFP oscillations at the theta and gamma frequencies after the introduction of the animals in the novel environment, which diminished dramatically after the induction of DA depletion and akinesia. Concomitantly, during the period of DA depletion, there was an increase in the power of the LFP oscillations in the beta and delta range. The power of the oscillations was normalized to the home cage power because at some frequencies LFP oscillations were already different between DAT-KO and wt at baseline ( Figure S3 ). (B and C) By calculating a power spectrum index that reflects the power of theta and gamma oscillations over beta and delta (theta*gamma/ delta*beta), we could follow the modulation of the different frequency oscillations during the different DA-related states. We confirmed that in both cortex and striatum theta and gamma frequency oscillations were very prominent during hyperkinesia but diminished during DA depletion, while beta and delta oscillations increased in the absence of DA. These changes in power spectrum index were reversed by the administration LD/CD beyond the Home and Novel condition levels, indicating that LFP oscillations correlated not merely with changes in locomotor state but also strongly with DA levels in the striatum (see Figures 1A, 1B, and 1D ). Figures 4B and 4C , red) and EMG activity (black line) in the same animal, demonstrating a strong correlation between the two measures. depletion and akinesia, a significantly higher proportion of cortical and striatal neurons fired preferentially at particular phases of LFP oscillations (w60%, 2-fold increase compared to the Home condition, and w3-fold increase compared to Novel), as measured by significant ''fluctuations'' in the STA of the LFP around time 0 (time of the spike), indicating a higher degree of synchronicity in corticostriatal circuits during this condition (Figures 6A and 6B ; FPLSD Home and Novel versus AMPT, p < 0.05; Figure S4 ). Spectral analyses of the STA functions (see Experimental Procedures) revealed that during the state of dopamine depletion the entrainment of cortical and striatal neurons was mostly to delta oscillations (65%) and then to theta (32%), beta (1.5%), and gamma (0.2%) oscillations ( Figure 6D ). These effects were reversed after administration of LD/CD (Figures 6A and 6B ; FPLSD LD/CD versus AMPT, p < 0.05; Home and Novel versus LD/CD, p > 0.05).
In agreement with these data, we observed that neurons in DAT-KO mice became less entrained to all LFP frequencies during hyperkinesia when compared to the Home condition ( Figure S5 ). Conversely, neurons in DAT-KO mice increased their entrainment to all LFP frequencies except gamma frequencies after DA depletion (to frequencies <30 Hz, but not >30 Hz), and LD/CD reversed these effects. These results indicate that the entrainment of neurons to the LFP during the different DA-dependent states is not just a function of the relative power of the different LFP frequencies during that particular state. For example, the entrainment of neurons to the LFP decreased at all frequencies during the transition from the Home condition to DA-related hyperkinesia, but the power of theta and gamma frequency oscillations increased during the same transition. Also, the entrainment of neurons to theta frequency LFP oscillations increased during the transition from the DArelated hyperkinesia to DA depletion ( Figure S5 ), even though the power of theta frequency LFP oscillations decreased during this transition. This suggests that at some level the mechanisms underlying the alterations in LFP oscillations across the different DA-related states are dissociable from those underlying the entrainment of the neuronal action potentials to that same LFP.
We confirmed that the changes in the number of neurons entrained to the LFP oscillations across the different DA-related states reflected extensive changes in corticostriatal circuit coordination and were not just driven by a change in a small subset of neurons. We calculated the average STA of the striatal and cortical LFP oscillations for the population of all recorded neurons during a particular session, including those without significant STA. Consistent with our previous results, we (D) Spectral analyses of the power of the STA functions in the dopamine-depleted state revealed that cortical and striatal neurons were preferential entrained to delta oscillations (65%) and also somewhat to theta (32%) and beta (1.5%), but very little to gamma (0.2%) oscillations. (E and F) Average striatal and cortical STA, respectively, in relation to the population of all the neurons recorded across the different DA-dependent states in DAT-KO mice. This analysis includes all the neurons, even neurons without significant STA, and therefore reflects the overall dynamics of corticostriatal circuits and not just of the neurons with significant STA. The average population STA indicates that by and large all the neurons became less entrained to the LFP oscillations during hyperdopaminergia with hyperkinesia and fired preferentially at a particular phase of the LFP after DA depletion with akinesia. The effect of DA depletion was reversed by administration of LD/CD. (G) Quantification of the proportion of corticostriatal neuronal pairs displaying significant cross-correlated activity across the different DA-dependent states.
observed that overall the whole population of recorded neurons became less entrained to the LFP oscillations during hyperdopaminergia with hyperkinesia. Conversely, the same population became profoundly entrained to the LFP after DA depletion with akinesia ( Figures 6E and 6F ). This effect was readily reversed by administration of LD/CD.
Finally, we investigated whether the coordinated activity of individual neurons in cortical and striatal neuronal ensembles would change between DA-related hyperkinesia and DA depletion/akinesia. Few pairs of striatal and cortical neurons had significant cross-correlated activity in wt mice and DAT-KO mutants at baseline (w5%, Figure 6G and Figure S6 ), which is consistent with previous studies (Bar-Gad et al., 2003) . However, the number of cross-correlated pairs in DAT-KO mice decreased even further during hyperkinesia (w40% decrease, Home versus Novel, t 6 = 3.10, p < 0.05) and increased during akinesia (w40% increase, Novel versus AMPT, t 6 = 21.92, p < 0.05, Figure 6G , Figure S6 ). This increase in correlated neural activity during DA depletion was reversed by the administration of LD/CD (Figure 6G, Figure S6 ), which also restored movement, EMG activity, and the levels of extracellular DA in the striatum (Figure 1) . Together, these data show that during hyperdopaminergia-dependent hyperkinesia the activity in corticostriatal ensembles is largely asynchronous, while during DA depletion and akinesia the synchronous activity in these circuits is very high, indicating that DA is necessary to tightly modulate synchronicity in corticostriatal circuits and that either insufficient or excessive synchronicity in these circuits can lead to movement disorders.
Discussion
We recorded for the first time (to our knowledge) the simultaneous activity of multiple single neurons and LFPs in the dorsal striatum and primary motor cortex during periods of hyperdopaminergia with hyperkinesia, DA depletion with akinesia, and L-Dopa treatment in the same individual animal. We observed that, contrary to a commonly adopted view, dopamine-related changes in movement do not seem to result from changes in the overall levels of cortical activity (Albin et al., 1989; Filion and Tremblay, 1991; Parr-Brownlie and Hyland, 2005) . Quite differently, it appears that dopamine alterations rapidly lead to changes in the coordinated activity of neurons within the cortex and the striatum (Goldberg et al., 2002 (Goldberg et al., , 2004 and between cortex and striatum. These data suggests that alterations in the coordinated activity of corticostriatal ensembles, which can precede the slowly occurring adaptations that take place following chronic dopamine disruption, may be critical in DArelated behavioral disorders.
Our results suggest that DA levels can rapidly modulate the synchronicity and oscillatory behavior of cortical and striatal circuits and are consistent with previous observations of increased synchronous neuronal activity in MPTP-treated primates (Goldberg et al., 2002 (Goldberg et al., , 2004 Raz et al., 2001) , increased beta oscillations in untreated PD patients, and increased gamma oscillations after treatment with levodopa (Brown et Williams et al., 2002) . However, in some of our experiments we were able to dissociate changes caused by altered DA levels in striatum from changes purely due to locomotion, suggesting that the observed alterations were not only movement dependent but also DA dependent (Figures 1 and 4) . In addition, our results extend the findings of these previous studies to changes in other oscillatory frequencies, like delta and theta, and to other movement disorders. For example, theta oscillations may correlate with the involuntary movements in dystonic patients (Liu et al., 2002; Silberstein et al., 2003) . By measuring the changes in cortical and striatal LFP oscillations simultaneously at all the major frequency bands and across different DAdependent states, we observed that the DA-dependent changes in LFP oscillations are more extensive than those previously described in other animal models and human patients, suggesting that the relative proportion of the different oscillatory frequencies may be biologically more relevant than the prominence of the oscillations at any particular frequency. In addition, our results indicate that either insufficient or excessive synchronicity in corticostriatal circuits can lead to behavioral dysfunction and suggest that DA may be necessary to tightly modulate synchrony-generating mechanisms in these circuits (Plenz and Kital, 1999) . Our data are consistent with dopamine acting as a modulator of ongoing corticostriatal activity, because DAT-KO mice display sustained hyperdopaminergia already at baseline, but only display alterations in corticostriatal circuit coordination and DA-related hyperkinesia after a triggering event (in our case, novelty), which presumably also activates other transmitter systems (e.g., glutamatergic transmission). Nonetheless, although dopaminergic alterations can lead to dramatic changes in corticostriatal circuit oscillations and synchrony and in movement, the relationship between synchronicity in these circuits and movement has been substantiated mostly by correlative studies and needs to be investigated further.
Since we observed striking changes in both cortical and striatal LFP oscillations during the different DArelated states, it is important to substantiate that the changes in striatal LFPs reported here cannot be explained solely by volume conductance from the cortex. Several lines of evidence refute this possibility. First, striatal neurons changed the entrainment to their ''local'' LFP during the different states, indicating that the changes in striatal LFP have physiological significance and are unlikely to arise from volume-conducted potentials from the cortex (Berke et al., 2004) . Second, we observed higher coherence between striatal and cortical LFP oscillations during the state of DA-related hyperkinesia and lower coherence during DA depletion, indicating clearly that the signals from the cortex and striatum are different (data not shown). For example, despite the increased delta and beta power during DA depletion, coherence at these frequency bands during DA depletion is lower. This is the opposite of what volume conduction would predict. Local field potential oscillations may arise from a combination of different sources, such as excitatory and inhibitory synaptic potentials and the spiking activity of populations of neurons, and the interesting dissimilarities between the origin of the LFP oscillations in the cortex and striatum may reflect the differences in microcircuitry connectivity, spatial organization, and intrinsic properties of the most abundant neurons in each structure (Stern et al., 1997) . Studies from simultaneous intracellular and extracellular recordings suggest that extracellular potentials recorded in the cortex seem to be correlated with synchronous synaptic activity even when this activity is subthreshold (Kaur et al., 2004; Lopes da Silva, 1991) . The origin of LFPs in the striatum has been more difficult to assert. Simultaneous recordings of evoked extracellular potentials and intracellular responses in the striatum, both in the slice and in vivo, have revealed a complex waveform where portions of the signal seem to correlate with synaptic potentials while other portions seem to correspond to neuronal firing (Cordingley and Weight, 1986; Misgeld et al., 1979; Ryan et al., 1986) . Similar results were obtained from simultaneous recordings of evoked LFP and unit responses in other basal ganglia structures (Magill et al., 2004) . Nonetheless, the origin of the ongoing striatal LFP oscillations measured in awake behaving animals needs to be further investigated. Our observations that the mechanisms modulating the power of the LFP oscillations at a particular frequency are dissociable from those mediating the phase locking of spikes to that particular LFP frequency suggest that striatal LFPs oscillations do not originate solely from correlated neuronal firing.
Despite the striking changes in coordinated activity in corticostriatal circuits during the different DA-related states, we failed to observe a significant change in average motor cortex activity, both in the number of single neurons decreasing versus increasing firing rate and at the population level, even during the transition from a state of extreme hyperdopaminergia (500% of wt) to profound DA depletion (0.2%). Given that our recordings in layer V of MI were based on random sampling of a relatively large number of units in several animals, it is unlikely that if there would be a consistent change in average cortical activity in all the depleted animals we would miss it (the analyses were performed per animal). It is important to note that the temporal coordination between the activities of these same cortical neurons changed during the different DA-related states and that in the same animals the average striatal activity decreased during DA depletion. Also, as indicated above, both the striatal and cortical LFP oscillations changed during these same DA-related states. Interestingly, gamma frequency oscillations that correlate highly with hemodynamic signals (Niessing et al., 2005) are predominant during hyperkinesia and decrease during DA depletion and akinesia, which could indicate that in PD imaging studies changes in cortical signals do not necessarily imply changes in cortical firing rate.
We observed that DA can modulate the spike timing of individual neurons in relation to the phase of the LFP oscillations; during high DA, neurons do not fire preferentially at any particular phase of the LFP oscillations, while during DA depletion, cortical and striatal neurons fired entrained to the LFP oscillations. DA has been shown to modulate neuronal excitability (Nicola et al., 2000) . Therefore, it is possible that high DA levels would lead to increased neuronal excitability, especially in D1-receptor-expressing neurons, thereby decreasing the firing threshold and allowing neurons to fire during any phase of the LFP oscillation; while low DA levels would reduce neuronal excitability, allowing neurons to fire only during certain phases of the LFP oscillations (Lampl and Yarom, 1993) , mostly during the negative slope or close to the trough of the extracellularly recorded oscillations (corresponding to the highest intracellular depolarization), but less during the positive slope or the peak of the oscillations (Figures 6E and 6F) . Alternatively, or in combination with changes in neuronal excitability, these DA-dependent changes in entrainment of neurons to the LFP oscillations could stem from alterations in corticostriatal synaptic efficacy Reynolds and Wickens, 2000; Yin and Lovinger, 2006) or in feedforward inhibition mediated by fast-spiking GABAergic interneurons in the striatum (Mallet et al., 2006; Mallet et al., 2005) . These findings suggest that in the absence of DA most of the inputs would be ''gated,'' and therefore the output of neurons would be only mildly correlated with their input, while during hyperdopaminergia most of the input signals would be relayed forward more readily, which may have implications for the role of the basal ganglia and of corticostriatal loops in action selection.
The effects of DA in the modulation of neuronal synchrony and neural oscillations described here could be relevant not only for pathological conditions but also for understanding the physiological functions of DA. The relation of theta and gamma frequency oscillations with movement and of delta and beta frequency oscillations with the absence of movement (Figures 4 and 5) is consistent with other studies (Baker et al., 1999) . Furthermore, the initiation of movement in rodents has been associated with transient (w150 ms) increases in LFP oscillations w50 Hz in the dorsal striatum (Masimore et al., 2004 (Masimore et al., , 2005 , which can also be observed in our data when we correlate the initiation of movement measured by EMG activity and the power of the LFP oscillations ( Figure 5A ). These changes in the relation between the different frequency oscillations have been observed not only in movement, but also for other behavioral functions, like attention modulation (Fries et al., 2001) , sleep-wake states (Gervasoni et al., 2004) , and vision (Rager and Singer, 1998) . Consequently, it could be postulated that DA-related pathological brain states are similar to the normal physiological brain states modulated by DA, even though more extreme and less transient. At the single-neuron level, we observed that a high percentage of cortical and striatal neurons changed firing rate between the hyperkinetic and akinetic periods. The proportion of neurons that increased versus decreased (70%-75% versus 25%-30%) firing rate in striatum during movement versus nonmovement (see also Costa et al., 2004) is consistent with the existence of functionally different neuronal subpopulations in striatum, which could correspond to the direct and indirect pathway (Gerfen, 1992; Mallet et al., 2006) (Figure S2 ). However, the fact that the proportion of neurons that increase versus decrease firing rate during movement in the cortex was w50% points to a more complex functional organization of the corticostriatal circuitry than a direct correspondence between the activity of striatal and cortical neurons (Albin et al., 1989; Goldberg et al., 2003; Levesque et al., 2003; Levesque and Parent, 2005; Nicola et al., 2000; Smith et al., 1998) . In addition, we uncovered a small subpopulation of striatal and cortical neurons that fires almost exclusively in the absence of DA. The identity and function of these neurons, although in reduced number, could give important insights into the mechanisms by which DA modulates neuronal oscillations and synchronous neuronal activity in both physiological and pathological conditions.
In conclusion, our data indicate that rapid alterations in dopamine transmission cause substantial changes in the coordinated activity of neuronal ensembles in corticostriatal circuits, leading to the emergence of striking behavioral abnormalities. Thus, although slow adaptations that take place following chronic dopamine depletion or psychostimulant treatment can be important for some aspects of the pathophysiology of DA-related disorders, many functionally important changes may stem from rapid alterations in network synchrony. Thereby, therapeutic interventions that restore normal synchronicity in these circuits, using either pharmacological or electrophysiological manipulations, and targeted not only to basal ganglia (Bar-Gad et al., 2004) but also directly to motor cortex (Drouot et al., 2004) can be potentially beneficial to DA-related motor dysfunction and Parkinson's disease. It will be important to determine how the coordinated activity of neuronal ensembles is affected in other corticostriatal or neurodegenerative disorders.
Experimental Procedures Animals
All procedures were approved by the Duke IACUC and performed in accordance with NIH guidelines. We used C57BL/6J DAT-KO and wt littermates (3-7 months old). A total of six DAT-KO and five wt mice were used for the microdialysis measurements in Figure 1B ; six DAT-KO and six wt mice were used for the behavioral measurements in Figure 1A ; and 13 mice (eight DAT-KO and five wt) were implanted for the in vivo awake multisite neuronal recordings: six DAT-KO mice injected with AMPT, two DAT-KO mice injected with saline, three wt mice injected with AMPT, and two wt mice injected with saline. As per our experimental design, animals were run under each condition only once.
Locomotor Activity Locomotor activity was measured using an activity monitor under bright illumination (Accuscan Instruments, Inc. Columbus, OH) (Sotnikova et al., 2005) . Mice were housed individually in home cages for at least 24 hr and were first placed into a locomotor activity monitor for determining their activity in a familiar environment. Then mice were transferred into the locomotor activity box (novel environment) where the effects of AMPT and LD/CD treatments were subsequently investigated. During in vivo electrophysiology experiments, activity was also measured by counting the number of line crosses (of 7.5 by 9 cm squares).
Microdialysis
For the in vivo microdialysis experiments, mice were anesthetized and dialysis probes were implanted into the right striatum. Twenty-four hours after surgery, the dialysis probe was connected to a syringe pump and perfused with artificial CSF (perfusion flow rate = 1 ml/min) (Sotnikova et al., 2005) . Microdialysis samples were collected at an interval of 10 min, and therefore each point represents the average of the cumulative changes in the previous 10 min (due to the sampling characteristics, this technique may not be sensitive enough to detect small or fast changes in phasic DA release). The microdialysis experiments were performed in a separate group of freely moving mice using the same experimental design and conditions as for the neuronal recordings.
Surgery
Two w1 mm 2 craniotomies were made bilaterally: 0.5 mm rostral to bregma; 1.6-1.8 mm laterally for layer V of MI and 1.8-2 mm laterally for DLS; microwire arrays were lowered w0.9-1.2 mm from the surface of the brain for layer V of MI and 2-2.2 mm for DLS (Hof et al., 2000) .
Microarrays
The main design used in this study consists of an array of 16 S-isonel-coated tungsten microwire electrodes (35 or 50 mm diameter), a printed circuit board (PCB) connected to the microwire electrodes, and a miniature connector attached to the opposite side of the PCB (Costa et al., 2004) .
Neuronal, LFP, and EMG Recordings
Single-cell and multiunit activity were recorded using the MAP system (Plexon Inc, TX). The activity was initially sorted using an online sorting algorithm (Plexon Inc). Only cells that had a clearly identified waveform with a signal-to-noise ratio of at least 3:1, measured on the oscilloscope, were used. At the end of the recording, cells were resorted using an offline sorting algorithm (Plexon Inc) to further confirm the quality of the recorded cells and were labeled as single-unit or multiunit accordingly (Costa et al., 2004) . Single units displayed a clear refractory period in the ISI histogram, with no spikes during the refractory period (larger than 1.3 ms in this study). Per session, w20% of the cells were labeled as multiunit. We recorded a total of 342 units, 159 in striatum and 183 in MI in all sessions; on average, w13 in striatum and w15 in the cortex per animal/session. Most of the units recorded in MI were identified as putative pyramidal cells, while the vast majority of the units recorded in striatum (>85%) were putative medium spiny neurons. Neuronal ensembles were defined as the group of simultaneously recorded neurons in each session. Neuronal ensemble coordination was defined as the temporal relationship between the activities of the different neurons that constitute an ensemble. LFPs were preamplified (5003), filtered (0.3-400 Hz), and digitized at 500 Hz (which is appropriate for analyses of frequencies <100 Hz) using a Digital Acquisition card (National Instruments, Austin, TX) and a MAP (Plexon, Dallas, TX). For the EMG recordings, a single-ended tungsten microwire electrode (50 mm) terminating in a small loop without isolation was inserted in each of the trapezius muscles, and the recordings were performed as described for the LFPs. The EMG activity level was estimated by first running a sliding window Fourier analysis (2 s window and 1 s step) and then taking the square root of summed power for frequencies above 30 Hz (excluding 60 Hz line noise) with a resultant 1 s temporal resolution.
Data Analysis
To determine whether a neuron changed firing rate after a particular treatment (Novel, AMPT, and LD/CD), we generated a firing-rate distribution of the period preceding the treatment (100 s bins) and calculated the 99% confidence interval based on a Poisson distribution. We considered that the neuron changed firing rate if the firing frequency of at least one of the posttreatment bins (also 100 s) was beyond the confidence interval limits. The firing rates depicted in the figures were smoothed with a Gaussian. Spectral analyses were estimated for each 4 s sliding window (1 s step) using multitaper method with five tapers (Percival and Walden, 1993) . To analyze the changes in the relative power of different frequency oscillations across DA-dependent states, we calculated a power spectrum index (average power at 4.5-9 Hz*30-55 Hz/1.5-4 Hz*11-30 Hz). To avoid possible noise contamination in low-frequency oscillations, we discarded data from <1.5 Hz oscillations. One animal with high levels of low-frequency noise (due to ground wire problems, delta and theta could not be cleanly calculated) was excluded from the analysis of low-frequency LFPs. Also, to clearly separate delta and theta (especially when delta oscillations were so high that they ''contaminated'' theta), we used a normalized theta power measure (peak 4.5-9 Hz/average 4.5-9 Hz*baseline 4.5-9 Hz). Cross-correlation functions were calculated between pairs of spike trains at [23 s, Although these analyses may be biased toward lower-frequency LFP oscillations, our results are unlikely to be the result of such bias, because although beta and delta oscillations were prominent during DA depletion, theta oscillations were lower during this period and prominent during hyperkinesia. Furthermore, when we performed STA for all the neurons, including those without significant STA, we observed the same changes in corticostriatal coordination. Spectral analyses of the STA for the different states were estimated for each 200 ms window (10 ms step). Spectral power at each frequency band was the average of spectral power estimates within the [20.1 s, 0.1 s] interval.
To ensure that the comparisons across different DA-dependent states would be made between periods of the same length, we used only 10 min per period in the statistical comparisons of LFP oscillations, STA, and cross-correlations: 10 min Home, last 10 min of Novel, last 10 min of AMPT, and a 10 min period 300 s after LD/CD administration. All the wt animals were combined as the controls in Figures 4 and 6 . For all the comparisons between groups or treatments, results were averaged first per animal, and statistics were performed on the values per animal (standard error of the mean represents between-animal variability). Two-way repeated-measures or single-factor ANOVA (a = 0.05) were used to investigate general main effects and planned comparisons. When there was a main effect, we performed post hoc comparisons using either Fisher's PLSD (a = 0.05) or a paired t test when comparing two different periods for the same animal during the same session (in the later case, standard error of the mean between animals is not a good indicator of statistical difference between states).
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/52/2/359/DC1/.
